[1] Five sinuous valleys that begin near the margins of the Hesperian-aged Dorsa Argentea Formation (DAF) are examined using Mars Global Surveyor Mars Orbiter Laser Altimeter data. These valleys are carved into the surrounding Noachian cratered terrain and extend away from the DAF for lengths up to 1600 km before terminating in the Argyre basin 1-3 km below their starting elevations. The association of these valleys with the DAF, thought to be the volatile-rich deposits of a previously widespread circumpolar ice sheet, supports the scenario whereby the valleys formed contemporaneously with the DAF and served as conduits for drainage of meltwater associated with the melting and retreat of the ice sheet. Examination of the head regions of three of the valleys reveals pits and basins carved into the local deposits of the DAF closely associated with the valley heads. On the basis of the distribution of these pits and basins, their morphologies, size, spacing, and basal elevations similar to the nearby valleys, we conclude that the pits and basins represent the expression of the valleys within the DAF. We suggest that the pits and basins resulted from surface collapse of the deposits due to basal drainage of meltwater beneath the thinning ice sheet. Sinuous ridges within some of the basins appear similar to terrestrial eskers and further support this scenario.
Introduction
[2] Long, sinuous channel-like features carved into the Noachian cratered terrain in the south polar region of Mars lead away from the margins of the Hesperian-aged Dorsa Argentea Formation (DAF) and ultimately terminate in the Argyre basin ( Figure 1 ). As described by Carr [1996, pp. 47, 80-81] , the terms channel and valley have specific meanings and need to be used carefully. According to Carr [1996, p. 47 ], a ''fluvial channel is the conduit through which a river flows and at times is filled or almost filled with water. A valley is a general term that refers to any linear depression. A fluvial valley generally contains many fluvial channels, is normally orders of magnitude wider and deeper than the channels it contains, and never comes close to being filled with water.'' On the basis of our analysis it is clear that these features are water-carved, but we have not been able to see evidence for detailed bedforms that might exist on the floors of these channel-like features, and yet as shown in Figure 1 , some of the channel-like features have clearly been somewhat widened by erosion. On the basis of these observations we adopt the term ''valley'' to describe these features, despite previous use of the term ''channel'' within the literature, recognizing that future analyses with additional coverage and higher-resolution data may enable workers to distinguish which parts of these are specific channels and which parts are larger fluvial valleys containing channels.
[3] Using Viking image data, Tanaka and Scott [1987] originally identified portions of some of the valleys, mapping ''narrow channel beds'' and ''channel deposits.'' In a detailed examination of the south polar region using Mars Orbiter Laser Altimeter (MOLA) data, Head and Pratt [2001] identified additional valley features, resulting in at least four and possibly five distinct continuous valleys that begin at or near the DAF margins and extend across the surrounding cratered terrain for up to 1600 km before terminating in the Argyre basin at elevations down to 2000 m below the planetary datum (Figure 2) .
[4] The Dorsa Argentea Formation underlies the Amazonian-aged polar deposits (Api, residual high albedo component; Apl, polar layered terrain) and is generally distributed around these deposits in two main lobes, one centered around 0°W and one centered around 70°W ( Figure 3 ). As mapped by Head and Pratt [2001] , four valleys lead away from the western margins of the 0°W lobe, and one leads away from the northern boundary of an otherwise topographically enclosed basin that occupies the eastern margin of the 70°W lobe. On the basis of their close proximity to the DAF, their spacing, and their morphology, Head and Pratt [2001] interpreted these valleys (referred to as channels by Head and Pratt [2001] ) as evidence for lateral transport of significant volumes of meltwater associated with melting and retreat of a previously widespread circumpolar ice sheet. Consistent with this work is that of Hiesinger and Head [2002] , which suggested that water associated with melting of a south polar ice sheet during the Hesperian drained along several valleys, emptying into the Argyre basin, partially filling the basin. Parker [1989] identified some of these valleys and was able to trace them to the vicinity of the DAF, which he too considered a likely source for the water that carved the valleys [see also Parker et al., 2000 Parker et al., , 2003 .
[5] Tanaka and Kolb [2001] used MOLA and Mars Orbiter Camera (MOC) data to remap the polar regions of Mars. Their investigation concluded that all but one of the continuous valleys mapped by Head and Pratt [2001] were nonexistent. Instead, Tanaka and Kolb [2001] support the original Viking-based mapping of Tanaka and Scott [1987] of relatively isolated valley features (Figure 2 ), only one of which can be traced to the margin of the DAF. Additionally, Tanaka and Kolb [2001] added that the location of the valley features within early to middle Noachian terrain indicates that they predate the emplacement of the Hesperian-aged Dorsa Argentea Formation and thus could not be associated with its formation.
[6] In this study we use MOLA data from the Mars Global Surveyor (MGS) to reexamine the valleys and map their extent in detail. Additionally, we examine the area in and around the DAF where the valleys appear to begin Head, 2003a, 2003b] in order to investigate the age relationship between the valleys and the deposits composing the DAF. We begin with a review of the regional geologic mapping of the south polar region and a discussion of origins proposed to explain the nature of the DAF and associated features. This background is intended to provide context for our investigation of the valleys.
Background
[7] The DAF is widespread throughout the south polar region and is characterized by several features, including (1) sinuous ridges, such as the Dorsa Argentea, which give the unit its name ( Figure 4a) ; (2) lobate fronts along portions of the unit's margin ( Figure 4b) ; (3) pits and basins carved into two geographic regions, Cavi Angusti and Cavi Sisyphi ( Figure 4c) ; and (4) pedestal craters located throughout the unit (Figure 4d ). Geographic nomenclature is abundant in the south polar region and facilitates dis- Figure 1 . A MOLA shaded relief image of a portion of Valleys 3 and 4, two of the five valleys mapped by Head and Pratt [2001] . White arrows mark the location of the valleys. As seen in this example, the valleys are sinuous and are carved into the Noachian cratered terrain adjacent to the Dorsa Argentea Formation. In places, valleys extend up to impact craters, carve out notches in their rims, and continue on the other side of these craters from other notches. Tanaka and Scott [1987] and taken from the work of Head and Pratt [2001] . The upper and lower members of the Dorsa Argentea Formation and related unit HNu have been combined into a single unit (Hd), and the unit margins have been smoothed to represent the possible extent of a paleocircumpolar ice sheet. Api corresponds to the residual ice of the Amazonian-aged polar cap, and Apl corresponds to the layered terrain of the Amazonian-aged polar cap. The five valleys leading away from the margins of the Dorsa Argentea Formation, as mapped by Head and Pratt [2001] , are shown and are numbered sequentially from west to east. The highlighted portions of the valleys correspond to the portions originally mapped by Tanaka and Scott [1987] and considered by Tanaka and Kolb [2001] to be the full extent of the valleys.
cussion. Figure 5a provides a location map with important areas and features labeled.
Regional Geologic Mapping
[8] In their 1:15,000,000 scale geologic map of the polar regions of Mars produced from Viking images, Tanaka and Scott [1987] identified two subunits to the DAF, Hdu (the upper member) and Hdl (the lower member), and interpreted these units as having likely formed from lava flows. This hypothesis was based largely on the lobate fronts of some of the DAF margins and a possible shield structure located 50 km south of Cavi Sisyphi. A third related unit, Hesperian-Noachian undivided material (HNu), was also identified, consisting of rough blocky terrain closely associated with the DAF.
[9] Head and Pratt [2001] analyzed these units with MOLA data and found them to be stratigraphically ambiguous in some locations, the unit margins and interpreted sequence often appearing inconsistent with topographic relationships. They therefore considered all three units together in their investigation of paleopolar deposits in the south polar region. The recent MGS-based mapping by Tanaka and Kolb [2001] supports the finding of Head and Pratt [2001] that the Viking-based subdivision of the area is inconsistent with the MOLA data. Tanaka and Kolb [2001] redefined the outer boundary of the DAF and subdivided the formation into eight members primarily on the basis of geographic location, unit margins determined from topography, and morphology (Figures 5b and 5c ). In most places the outer margin of the DAF remains essentially unchanged from the original mapping by Tanaka and Scott [1987] , while in other places, such as the northern portions of the 0°W lobe, significant changes have been made to the DAF margin (in Figure 5b , compare black line with Figure 3 . A MOLA shaded relief map of the south polar region from 55°S to 90°S. The white region corresponds to Api, the polar residual ice. The light gray region corresponds to Apl, the polar layered terrain. The darkened area corresponds to the Dorsa Argentea Formation as mapped by Tanaka and Scott [1987] . Apl is asymmetrically distributed about Api and the rotational pole, extending farther to the north along the 180°meridian. Hd is distributed in two main lobes, one centered about 0°W and the other about 70°W. [10] Figure 5b shows the location of six of the eight different members of the DAF as mapped by Tanaka and Kolb [2001] as they appear in our study area (darkened area with white borders), as well as the outer margin of the DAF as mapped by Tanaka and Scott [1987] (black line). The most prominent member is the Sisyphi member (Hds), which is widespread throughout the poleward portions and western margin of the 0°W lobe. Hds is deposited around the southernmost of the Sisyphi Montes, ranges in elevation from 1000 m to 1550 m, and is the member that most prominently displays lobate fronts. Around some of the northernmost of the Sisyphi Montes, located within the Tanaka and Scott [1987] DAF boundary but outside the Tanaka and Kolb [2001] boundary, we observe outliers of material unmapped by Tanaka and Kolb [2001] that appear morphologically similar to the Sisyphi member of the DAF (Hds). These outliers of Hds-like material, along with the smoother surface texture and lower crater density of the northern portion of the 0°W lobe as compared with other nearby areas of Npl 1 , suggest that Hds may have previously been more extensive and since been removed from the northern regions of the 0°W lobe. These observations do not support the remapping of the northern portion of the 0°W lobe as unmodified Noachian cratered terrain.
[11] Of the six members that appear in the study area, the relative stratigraphy as deduced by Tanaka and Kolb [2001] is the following, from oldest to youngest: the Rugged member (Hdr), the Argentea member (Had), the Dorsa member (Hdd), the Promethei member (Hdp), the Sisyphi member (Hds), and the Cavi member (ANdc). Our assessment of these units with MOLA data shows that Hda and Hdd are generally the thinnest members, Hds is the next thinnest, and ANdc is the thickest. Hdr is not a plains or plateau-type member, making its relative thickness difficult to ascertain. However, our observations suggest that Hdr may consist of preexisting blocky terrain that was modified by the emplacement of the surrounding plains members of the DAF and would therefore not share a common origin with the other DAF members. Hdp is confined to the Prometheus basin and does not border any of the other five members in our study area, making its relative thickness difficult to constrain as well.
Proposed Origins
[12] Three different origins have been proposed to explain the nature and origin of the DAF and associated features. As discussed above, early work by Tanaka and Scott [1987] suggested that the deposit formed predominantly from lava flows. This scenario was primarily supported by the lobate fronts of some of the unit margins, considered to be consistent with a lava flow origin. In this model, Tanaka and Scott [1987] interpreted the sinuous ridges of the DAF as ''unusual lava-flow features.'' A search for a source vent identified a possible shield structure within the boundaries of the DAF, 50 km south of Cavi Sisyphi, located within member Hdr as mapped by Tanaka and Kolb [2001] . The age of this volcano relative to the DAF members is unclear, although Hdr is the oldest of the DAF members, suggesting that this volcano likely predates the emplacement of seven of the eight members composing the formation. Also, more recent investigations of the DAF with MGS data [Head and Pratt, 2001; Tanaka and Kolb, 2001] show the deposit and associated landforms to be atypical of volcanic morphologies observed elsewhere on Mars.
[13] Tanaka and Kolb [2001] proposed a new origin on the basis of their mapping with MGS data, which is a variant of the volcanic model of Tanaka and Scott [1987] . They retained a flow-related origin in their new model, which proposes the expulsion of fluidized, volatile-rich subsurface regolith material, released to the surface via ''instabilities'' and ''triggering mechanisms.'' Their model is largely based on the theorized accumulation of extensive subsurface aquifers of H 2 O and/or CO 2 in the south polar region during the Noachian. During the Hesperian, triggering mechanisms such as impact-induced marsquakes or intrusive magmatism cracked these aquifers and released widespread, volatile-laden regolith debris flows onto the surface to form the DAF deposits and associated features. Again, the lobate fronts of the deposit are interpreted as evidence supporting a flow-related origin. The sinuous ridges are interpreted as inverted stream topography resulting from infilling of preexisting channels, followed by later exhumation of the area. Pedestal craters are cited as evidence for vertical thinning of the deposits. A clear origin for the cavi is lacking in this model, although Tanaka and Kolb [2001] suggest that the cavi may have served as source vents for the expelled subsurface volatiles.
[14] Head and Pratt [2001] proposed a third and separate scenario for the origin of the DAF. In their model the DAF represent the deposits from melting and retreat of a previously widespread circumpolar dust-rich ice sheet. In this model, Head and Pratt [2001] interpret the features associated with the DAF as follows: (1) sinuous ridges within the margins of the DAF are interpreted to be the Martian equivalent of terrestrial esker systems, (2) sinuous valleys that lead away from the margins of both the 0°W and 70°W lobes of the DAF and terminate in the Argyre basin are interpreted as evidence for lateral transport of significant volumes of meltwater away from a melting ice sheet, (3) a smooth floored, low-lying, topographically enclosed basin (Argentea Planum, referred to as Schmidt Valley by Head and Pratt [2001] ) located at the margins of the DAF is interpreted as evidence for ponding of meltwater along the edges of the deposit, (4) pits and cavi located within the DAF are interpreted as evidence for volatile loss and vertical degradation of the deposit, and (5) pedestal craters within the margins of the DAF further argue for vertical degradation and volatile loss.
[15] Since the initial work of Head and Pratt [2001] , additional investigations have further strengthened the case of the ice sheet hypothesis. Milkovich et al. [2002] presented evidence for lateral drainage and pooling of water within and away from the eastern margins of the 0°W lobe of the DAF. Ghatan and Head [2002] examined a series of Figure 5a . Figures 5a -5c show maps of the study area. All views are in polar stereographic projection. The south pole is located toward the bottom right corner in each image, indicated by the smooth hemisphere that results from a decrease in MOLA data near the poles. Figure 5a is a MOLA shaded relief location map of the study area. The darkened area corresponds to the Dorsa Argentea Formation and related unit HNu as mapped by Tanaka and Scott [1987] . White boxes indicate locations of Figures 6, 7, 10, 11, 12, and 13. unusual mountains located within the 0°W lobe of the DAF (Sisyphi Montes) and argued that these mountains are most likely volcanoes, their unusual morphologies plausibly explained by a history of eruption and construction beneath an areally extensive ice sheet. Ghatan et al. [2003] examined the area of Cavi Angusti, presented evidence for volcanic activity within the basins, and concluded that the basins most likely formed via melting of ice due to heating from a combination of intrusive and extrusive magmatic activity. These three investigations have provided additional evidence for the volatile-rich nature of the DAF and together with the initial work of Head and Pratt [2001] present a strong argument in favor of the ice sheet model (see Head et al. [2003] for a synthesis of the recent work on the ice sheet model).
[16] Both the fluidized debris flow model of Tanaka and Kolb [2001] and the ice sheet model of Head et al. [2003] require the emplacement and removal of a widespread unit to account for the features associated with the deposit, particularly the sinuous ridges. The main difference is that the model presented by Tanaka and Kolb [2001] invokes two different, unrelated mechanisms to emplace and remove this widespread unit, whereas in the ice sheet model of Head et al. [2003] , emplacement and removal are simply two stages in the development of a single geologic event. Additionally, whereas no evidence has been presented to explain the removal of the widespread unit in the debris flow model, several pieces of evidence have been identified that support the melting and retreat of a widespread ice sheet (e.g., sources of heating, internal drainage channels, eskers, external drainage valleys).
[17] Further issues are noted with the debris flow model. One of the main pieces of evidence in favor of this model are the lobate fronts of the DAF, interpreted as resulting Figure 5b . A MOLA shaded relief map of study area comparing the mapping of the DAF by Tanaka and Scott [1987] (black line) and Tanaka and Kolb [2001] (darkened area). Tanaka and Kolb [2001] divided the DAF into eight members, six of which appear in our study area. The margins of the DAF remain approximately the same in some areas (e.g., margins of ANdc, Hda, Hdd, and Hdp) but are markedly different in other areas (e.g., Hds). The northern area of the 0°W lobe as mapped by Tanaka and Scott [1987] has been remapped by Tanaka and Kolb [2001] as Noachian cratered terrain (Npl 1 ). This area is less cratered than other areas of unit Npl 1 and appears smoother. Also, outliers of unit Hds-like material are observed near some of the northernmost Sisyphi Montes.
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GHATAN AND HEAD: MELTWATER DRAINAGE BENEATH A MARTIAN ICE SHEET from a flow-related origin [Tanaka and Kolb, 2001] . However, lobate fronts do not discriminate against an ice sheet origin for the DAF. In particular, sufficient accumulation of material at the south polar cap could elevate the basal temperature of the cap above its melting point, facilitating deformation and potentially flow. Thus, if the lobate margins of the DAF are the result of flow, this would be consistent with the ice sheet model as well as the debrisflow model. That being the case, our observations tend not to favor a flow-related origin for the lobate margins of the DAF. As seen in Figure 6 , in some places the margins of Hds abut higher-standing Noachian terrain, in other places the margins parallel the higher terrain but are separated from it by several tens of kilometers, while in still other places the margins of Hds are free standing, abruptly ending without adjacent higher-standing terrain. Hds is distributed in unusual shapes, displays cuspate indentations, and is dissected in several places. Taken together, these characteristics are difficult to explain by a flow-related origin and are more consistent with a layer that has retreated from the direction of the wall, undergone volatile loss in some places, and reexposed the underlying terrain.
[18] As discussed above, the different members of the DAF have different thicknesses. Some members, such as Hds, form a relatively thick widespread blanket, whereas other members, such as Hdd, form a thin veneer over the underlying basement. In the context of the ice sheet model the DAF represents the deposits of a previously widespread circumpolar ice sheet. In this model, thicker units (e.g., ANdc and Hds) have retained more volatiles than thinner units (e.g., Hda and Hdd). The thinner units represent locations where virtually all the ice has melted and a lag deposit of sediment has accumulated over an otherwise reexposed basement. Examples of this modified basement include the members of the DAF containing the esker-like ridges, such as Hdd and Hdp, which lie stratigraphically Figure 5c . MOLA color topography overlain on a MOLA shaded relief image. The highest elevations in the scene (red regions) mostly correspond to the Amazonian polar deposits located in the lower right of the image, while the lowest elevations in the scene (black regions) are associated with the Argyre basin in the upper left of the image. The DAF occupies intermediate elevations (yellow through purple). The 0°W lobe forms a broad basin surrounded by higher-standing Noachian terrain. The western portion of the 70°W lobe is occupied by the broad plateau of the Cavi Angusti region, whereas the eastern portion of the 70°W lobe is occupied by a smooth-floored, generally enclosed basin (Argentea Planum; see Figure 5a ). below Hds, or those portions of the 0°W lobe that have now been mapped as Noachian cratered terrain by Tanaka and Kolb [2001] .
[19] In addition to the three models discussed above, a fourth possible origin for the DAF has been proposed [Parker, 1989; Parker et al., 2000] . As mentioned earlier, Parker [1989] identified some of the valleys mapped by Head and Pratt [2001] and traced these valleys to the vicinity of the DAF. Parker et al. [2000] proposed that the DAF represents the deposits from widespread south polar meltwater lakes, resulting from increased basal melting of a south polar ice sheet during the Noachian. No evidence has been presented in support of this scenario, and it has not been developed beyond its initial proposal. More recently, Clifford and Parker [2001] attributed the origin of the valleys to the discharge of basal meltwater from beneath a formerly more extensive cap, although Parker et al.
[2003] maintain a lacustrine origin. While the lacustrine origin has not been developed in detail, similarities between it and the ice sheet model do exist. In particular, the eastern margin of the 70°W lobe of the DAF is occupied by a generally topographically enclosed low-lying area (Argentea Planum), which Head and Pratt [2001] Head and Pratt [2001] lead away from the western margin of the 0°W lobe, for which we find no evidence of a meltwater lake.
[20] In this contribution we seek to further test the different proposed origins for the Dorsa Argentea Formation. In particular, the existence of the drainage valleys mapped by Head and Pratt [2001] has been called into question [Tanaka and Kolb, 2001] , and their exact age relative to the DAF is uncertain [Hiesinger and Head, 2002] . Owing to the importance of the valleys in the ice sheet hypothesis, a detailed examination is required. Here we document in detail the exact course of the valleys, as well as the methods used to identify each portion of each valley in order to address any ambiguity regarding their existence, continuity, and point of origin.
Valley Description
[21] The general locations of the five valleys identified by Head and Pratt [2001] leading away from the Dorsa Argentea Formation are indicated in Figure 2 . The portions of these valleys originally mapped by Tanaka and Scott [1987] and considered by Tanaka and Kolb [2001] to be the full extent of the valleys are highlighted. Head and Pratt [2001] numbered the five valleys sequentially clockwise around the pole, beginning with the valley that leads away from the 70°W lobe. Here we will use the same numbering scheme.
Mapping Technique
[22] MOLA shaded relief images with different illumination directions were used as our primary data source for mapping the valleys. Shaded relief images accentuate morphology and provide an improvement over Viking images, which tend to have different illumination direction and spatial resolution between images, and in which the surface is often obscured by atmospheric interference. In most cases the valleys are clearly identifiable in the shaded relief images (e.g., Figure 7 ). In this view, north is approximately radially away from the lower right corner. Argyre is located in the upper left. Valley 2 (indicated by the arrows) is defined by a broad, elongate depression in the lower right of the image, which enters into a wider depression, and which then abruptly becomes a clearly defined engraving in the cratered plains that extends for the remainder of the valley course into the Argyre basin.
[23] In some locations, such as the head region of Valley 1, the valleys are not clearly visible in the shaded relief images. In such instances, stretched MOLA colorcoded data were used to identify the valleys, defined as local, elongate topographic lows continuous with those portions of the valleys clearly identifiable in the shaded relief image. While the same data sets are used to construct the MOLA shaded relief images and the stretched MOLA color topography, the different methods of data presentation facilitate identification of the valleys to different degrees. Different color stretches were applied in order to draw out the valley features, similar to the technique used by Frey et al. [2002] to identify Quasi-Circular Depressions across the Figure 6 . An enlarged MOLA shaded relief image of the lobate fronts of the Sisyphi member of the Dorsa Argentea Formation (Hds), as mapped by Tanaka and Kolb [2001] . Hds is the smooth unit that is located along the left side of the image and along the bottom half of the right side of the image. The rougher terrain in the image is Noachian cratered terrain (Npl 1 ). The black line marks the location of a ridge of Noachian terrain and corresponds to the margin of the DAF as mapped by Tanaka and Scott [1987] . In some locations, Hds abuts the highstanding Noachian terrain (arrow 1); in other locations the margins of Hds parallel the trace of a nearby cliff and are separated from the wall by up to 10 km (arrow 2). The margins of Hds are also seen to end abruptly, away from any higher standing terrain (arrow 3). [24] Our map of the valleys is shown in Figure 8 . Where valleys are clearly identifiable in the shaded relief images they are mapped with solid black lines. Portions of valleys identified by the use of MOLA color topography are mapped with dashed black lines. Portions of valleys that are only faintly detectable in either the shaded relief images or the MOLA topography are indicated by black dots. In several locations the valleys extend up to craters, carve notches in the rim, and begin again on the opposite side of the crater near another notch in the rim. In some of these instances the valleys tend to be untraceable within the crater itself and thus are mapped with white dots. Lastly, a portion of Valley 3 is superposed by a younger impact crater, which is denoted in the map by tracing the outline of this crater and its ejecta.
[25] Five valleys have been identified in our mapping, which generally correspond to those mapped by Head and Pratt [2001] , although some slight differences exist in their exact course. Additional valley features were identified and are included in the map, although these features terminate after a few hundred kilometers. Below, we present a detailed summary of each of the five valleys. The physical characteristics of the valleys are summarized in Table 1 .
Valleys
[26] Valley 1 (unnamed) begins at an elevation of 950 m at the northern margin of Argentea Planum (Figure 5a ), an area of low topography (Figure 5c ) located on the eastern portion of the 70°W lobe. Valley 1 has a clear head, defined by a break in the rim of a degraded 375 km wide impact crater that occupies the northern section of Argentea Planum. It is distinguishable in MOLA shaded relief images for 59 km, then is mapped for 77 km from the MOLA color topography, becomes distinguishable again in the shaded relief images for 58 km, is mapped for 340 km in the color data, and is visible in the shaded relief images for its final 177 km, ultimately terminating in the blocky terrain that composes the rim of the Argyre basin (Figure 8 [27] Valley 2 (Surius Vallis) emerges from the southern regions of Cavi Sisyphi, a collection of irregularly shaped basins occupying the southeastern portions of the 0°W lobe (see discussion in section 4.2). Beginning at an elevation of 1550 m, Valley 2 can be traced for 86 km in shaded relief images, whereupon it enters an 85 km wide impact crater through a small notch in the rim. This crater contains a fanlike deposit that spreads outward away from the direction of the DAF and toward the direction of Argyre (Figures 10a  and 10c) . The fan-shaped deposit measures about 70 km wide by 70 km long and stands 150 m above the crater floor and 400 m below the crater rim. This structure is most likely a delta-like deposit resulting from a sudden drop in sediment load due to a decrease in the stream velocity of the water transported through Valley 2 as it entered the crater. Along with the regional elevation decrease from the DAF to Argyre, this fan-shaped deposit provides additional evidence that the transport direction of water through the valley was from the direction of the DAF toward the Argyre basin.
[28] Valley 2 is difficult to identify within the crater with the fan-shaped deposit, but it continues on the other side of the crater beginning near another notch in the rim and extends for 139 km, as seen in shaded relief images, until it enters an unnamed 200 km wide degraded impact crater which defines most of a broad depression that parallels Argentea Planum along its eastern margin (Figures 5a  and 5c ). This depression, which we refer to as East Argentea Planum (Figure 5a ), is separated from Argentea Planum by a narrow, discontinuous band of highstanding terrain (Figure 5c ). Within the area of the East Argentea Planum impact crater, Valley 2 is again difficult to discern and is thus mapped with white dots in Figure 8 . A valley on trend with the first portion of Valley 2 is observed to lead away from the other side of this degraded impact crater. This valley can be identified for 52 km in the shaded relief data, is then mapped for 91 km from the MOLA color 
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topography, is again seen in the shaded relief data for 164 km, is mapped from the color topography for the next 115 km, and lastly is seen in the shaded relief images for the remaining 656 km until it terminates on the floor of Argyre. For about a 40 km stretch, approximately 470 km from its end, the valley becomes less well defined and widens, possibly owing to ponding.
[29] Unlike Valley 1, Valley 2 is well defined throughout the rim of the Argyre basin and terminates where it encounters the floor of the basin at an elevation of À1000 m. Assuming the valley was once continuous through the area occupied by the degraded 200 km crater in East Argentea Planum, or that the water that traveled along the valley pooled in the area of this crater and drained out the other side, the total length of Valley 2 is 1588 km. However, the possibility exists that Valley 2 was never continuous through East Argentea Planum and that it actually represents two distinct drainage valleys. Valley 2 varies in width from 3 to 13 km over its length and, similar to Valley 1, increases in depth downstream, averaging about 360 m deep (Figure 9 ). Figure 10a . These deposits measure 50 km Â 55 km and 40 km Â 55 km, and like that Valley 2 deposit, both spread outward away from the direction of the DAF toward Argyre, again providing additional evidence that the water that carved the valleys traveled away from the DAF into Argyre.
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[30] Valley 3 (Dzigai Vallis) begins in the northern regions of Cavi Sisyphi (Figure 5a ) at an elevation of 1500 m. The first half of the valley is not as well defined as the latter half and is most clearly seen with the stretched MOLA color topography (Figure 5c ). The first appearance of an elongate, topographically enclosed conduit occurs near the northern rim of an unusual impact crater. This crater, measuring 120 km wide, is partially filled except for a triangularly shaped portion of the interior that sits topographically below the rest of the crater floor. The crater fill deposits were previously mapped as Noachian plains and Hesperian-Noachian undivided material [Tanaka and Scott, 1987] , but with the aid of the high-resolution data from MGS they have been recognized as deposits of the Dorsa Argentea Formation [Tanaka and Kolb, 2001] . On the western side of the crater a 13 to 30 km wide sinuous valley extends for 405 km through the highstanding Noachian terrain that abuts the 0°W lobe until it is obscured by an impact crater (Figure 8 ). On the other side of this crater the valley becomes more clearly defined, traceable for 159 km in shaded relief images, 62 km in the color data, and then 126 km in the shaded relief images until it merges with Valley 4, southeast of crater Miraldi at an elevation of 350 m. Over this last portion, Valley 3 ranges from 3 to 9 km wide and tends to be shallower than Valleys 1 and 2, with an average depth of about 80 m (Figure 9 ). From its start at Cavi Sisyphi to termination in Argyre, Valley 3 has a total length of 1367 km.
[31] Valley 4 (Doanus Vallis) begins at an elevation of 1350 m at the northwestern margin of the 0°W lobe near several pits carved into a smooth, widespread member of the DAF (see discussion in section 4.1) (Figure 5a ). The margin of the DAF in this area as mapped by Tanaka and Kolb [2001] terminates about 45 km from where we would map the margin of the unit (see dotted black line near head of Valley 4 in Figure 8 ). Visible in shaded relief images along its entire course, Valley 4 carves out notches in crater walls and winds its way continuously for a length of 574 km through the highstanding Noachian terrain until in merges with Valley 3. Valley 4 measures from 3 to 8 km wide and averages about 240 m deep (Figure 9 ). For a stretch of 95 km, Valley 4 appears to be a braided valley, with branches weaving in and out around remnant blocks before merging together again. After merging southeast of Miraldi crater (Figure 8 ), the Valley 3 -4 combination continues toward the Argyre basin, passing through the basin rim material and ultimately terminating on the basin floor at an elevation of À1550 m. From merger to termination the combined valley measures 615 km long, making Valley 4 1189 km long in total. The combined valley also tends to be considerably deeper than either Valley 3 or 4, averaging 614 m deep (Figure 9 ). Approximately 220 km after merger the Valley 3 -4 combination enters a series of impact craters, which contain fan-like deposits similar to the deposit observed in the crater along the course of Valley 2 (Figures 10b and 10d) . These fan-shaped deposits measure about 50 km Â 55 km and 40 km Â 55 km and spread outward away from the DAF toward Argyre. These features, like the deposit along the course of Valley 2, may be delta-like deposits and provide additional evidence for the direction of transport of water along the course of the valley.
[32] Valley 5 (Palacopas Vallis) lacks a clear head and is discontinuous in many places. Unlike the other valleys, Valley 5 has several side branches (Figure 8 ), which can be divided into four first-order branches that converge to two second-order branches, which then ultimately converge to the primary valley. The southern two first-order branches extend for 135 km and 78 km before entering Darwin crater through two notches in its southern rim. Within the crater the valleys are somewhat discernable (mapped as black dots in Figure 8 ) and appear to converge with each other and extend through the crater for 206 km before exiting through a notch in the rim on the opposite side. The northern two first-order branches extend for 111 km and 84 km, converge with each other into a second-order branch, which then extends for another 426 km, where it converges with the southern second-order branch just north of Darwin crater. After the two second-order branches merge, Valley 5 extends for 700 km until it terminates on the floor of Argyre. It ranges from 4 to 15 km wide and averages about 170 m deep (Figure 9 ). Head and Pratt [2001] noted that the relationship between Valley 5 and the DAF is less clear than with the other valleys, since the first signs of Valley 5 do not appear until approximately 300 km from the DAF margin. We agree with this assessment and consider Valley 5 either to have formed from processes separate from those that formed the other valleys or to have experienced a more complicated history. Either way, if there is a connection between Valley 5 and the DAF, it is currently unclear what that specific connection is, other than the fact that it appears to drain down slope in a direction similar and parallel to the other valleys.
[33] To summarize the results of our mapping, four of the five valleys described begin near the margins of the DAF and extend for lengths of 1000 km to 1600 km through the surrounding Noachian cratered terrain, terminating in the Argyre Basin 3 to 4 km below their starting elevations. Compiled in Table 1 are the lengths, depths, widths, and head and mouth elevations for each valley. Our results do not support the work of Tanaka and Kolb [2001] , which suggested that the valleys were generally discontinuous and that large stretches of the identified valleys did not exist.
Valley Association With the DAF
[34] Head and Pratt [2001] interpreted the valleys as evidence for lateral transport of significant volumes of water associated with melting and retreat of a circumpolar ice sheet. Supporting this interpretation, Head and Pratt [2001] noted the following: (1) the valleys emerge from the vicinity of the DAF, interpreted as the volatile-rich deposits of the previously widespread ice sheet, and (2) the lack of tributaries associated with the valleys does not favor alternative origins such as regional precipitation or groundwater sapping. However, Tanaka and Kolb [2001] argue that the location of the valleys within early to middle Noachian terrain indicates that they predate the emplacement of the Hesperian-aged DAF and thus could not be associated with its formation. Thus an important test for the ice sheet hypothesis is the relationship between the DAF and the valleys and, in particular, any constraints that can be placed on the relative timing of their formation. Two possible stratigraphic relationships may be present, each implying different age relationships: (1) If the deposits of the DAF are superposed upon the valleys, this suggests that the DAF either postdates the valleys or may have formed contemporaneously with them. (2) Alternatively, if there is evidence that the valleys extend continuously into the DAF beyond the margins of the deposit, this would imply either that the DAF predates the valleys or again that the two formed contemporaneously. To address these relationships and geologic implications, we examine the head regions of the valleys in further detail.
Doanus Vallis (Valley 4)
[35] Figure 11a shows an enlarged view of the area where Valley 4 begins. In this view the sinuosity of the valley can be clearly seen, as can the manner in which the valley carves out terrain around impact craters and passes through the Figure 11 E07006 GHATAN AND HEAD: MELTWATER DRAINAGE BENEATH A MARTIAN ICE SHEET highstanding Noachian topography that abuts the 0°W lobe. The valley does not pass continuously into the DAF, but instead appears to terminate at the boundary between the Noachian terrain and the DAF (see Figure 12a for the location of the DAF margin). This relationship argues against a scenario whereby the valley postdates the emplacement of the DAF. However, at the scale of the data available for the contact between the valley head and the DAF (Viking, MOC wide-angle, and MOLA), it is not possible to determine whether the DAF is superposed upon the valley. There are no THEMIS (VIS or IR) or MOC narrow-angle images available that cover the very headward regions of the valley. As such, two possible age relationships between the valley and the DAF remain: the valley formed either before the emplacement of the DAF or simultaneously with it.
[36] Following the trend of the easternmost portion of the valley into the DAF several pits are observed. These pits are carved into the Sisyphi member (Hds) of the DAF as mapped by Tanaka and Kolb [2001] . As discussed in section 2, this unit is widespread throughout the poleward portions of the 0°W lobe, as well as along the western margins of the 0°W lobe.
[37] The pits nearest the head of Valley 4 appear on trend with the valley and are generally elongated in the direction of the valley, and some appear sinuous. Some pits display a ''peanut-shaped'' morphology, with two wider regions connected by a narrow passage. One of the pits is separated from the valley head by less than 2 km. The pits range from 10 to 30 km wide, are 100 -200 m deep, and have basal elevations that are coincident with that of the valley (1250 to 1300 m), suggesting that the pits reach down to the base of the DAF (Figure 11a ). How did generally enclosed pits, measuring tens of kilometers across, form along the margins of the DAF? Ghatan et al. [2003] established several criteria for the formation of enclosed depressions within the DAF in their examination of the Cavi Angusti region of the 70°W lobe. Possible origins for the pits include deflation, sublimation, and melting, as well as surface collapse due to drainage of water along the base of the deposit. An exhaustive treatment of each of these potential mechanisms is beyond the scope of this paper. However, the characteristics of the pits, specifically, their alignment (with each other and the valley), their sinuosity, their comparable basal elevations to the valley, as well as their close proximity to the valley, all suggest that the pits may plausibly represent the expression of the valley within the DAF. If this is the case, then any proposed origin for the valleys should account for the origin of the pits as well.
[38] We suggest that the pits near the head of Valley 4 formed via surface collapse due to basal drainage of water underneath the DAF, ultimately draining into the Argyre basin along Valley 4. As water drained along the base of the DAF toward the edge of the deposit, partial collapse of the overlying material could have occurred, thus creating the observed pits. Once the water encountered the rocky basement of the Noachian cratered terrain, it would have drained out onto the surface, where it would have collected and carved out a drainage valley. This formation mechanism is consistent with the observations of the stratigraphic relationship between the DAF and the valley and favors the scenario whereby the valley and the DAF formed contemporaneously. If this scenario is correct, and if the other valleys formed from related processes, we might expect to see similar relationships near the head regions of the other valleys.
Surius Vallis (Valley 2) and Cavi Sisyphi
[39] Figure 11b shows an enlarged view of the area in and around the head regions of Valleys 2 and 3. Valley 2 begins in the middle of the left side of the image, where it feeds into an impact crater (see lower group of arrows). As was the case with Valley 4, Valley 2 does not appear to pass continuously into the DAF. However, whether the DAF is superposed upon the valley cannot be determined with the available data. Therefore the observations support a contemporaneous formation for both the valley and the DAF as well as a scenario whereby the valley predates emplacement of the DAF.
[40] The area near the head of Valley 2 is dominated by the basins of Cavi Sisyphi, which are irregularly shaped, have steeply sloped walls ($11 degrees), are approximately 500 m deep, and vary in size from a few kilometers up to around 100 km. These basins are carved into the same widespread member of the DAF (Hds) into which the pits near Valley 4 are carved (Figure 12b ). The elevations of the basin floors increase from close to 600 m in the northernmost basins to 1200 -1300 m in the southernmost basins. In the lower middle of the scene is a shield structure with heavily dissected flanks, which was proposed as a possible source vent in the volcanic model for the origin of the DAF [Tanaka and Scott, 1987] . This area is mapped as the Rugged member (Hdr) of the DAF [Tanaka and Kolb, 2001] .
[41] Figure 11b clearly shows the distribution of the Cavi Sisyphi basins as well as the manner in which they loop down from the area of the 0°W lobe, divert their course should actually be mapped as part of the Sisyphi Member (Hds) (see Figure 12b) .
[42] The general relationship between the Cavi Sisyphi basins and the valley is similar to that observed among the pits and Valley 4. We interpret this relationship as supporting a scenario whereby the pits formed due to local collapse of the DAF as a result of basal drainage of water. We suggest that some water draining from the 0°W lobe traveled away from the area at the base of DAF along the path occupied by the Cavi Sisyphi basins, ultimately draining into the Argyre basin along Valley 2. Similar to the relationship between the pits and Valley 4, here water drained beneath the DAF until it reached the edge of the deposit, at which point it emerged onto the surface. This led to the carving out of an external drainage valley within the Noachian cratered terrain. As with Valley 4, this scenario favors a contemporaneous formation between Valley 2 and the DAF.
[43] Within some of the basins of Cavi Sisyphi we observe isolated sinuous ridges along the floors, which in places disappear underneath the surrounding deposits of Hds ( Figure 13 ). These ridges measure from 1 -2 km wide and 50 -150 m high. The ridges parallel the trend that would be expected for meltwater draining away from the 0°W lobe through the basins.
Dzigai Vallis (Valley 3)
[44] Also seen in Figure 11b is the head region of Valley 3, which begins near an unusual impact crater, located in the upper central portion of the image (see upper group of arrows). Again, all that can be discerned from the available data for the area is that the valley does not pass continuously into the DAF, ruling out a scenario whereby the valley postdates the DAF. As discussed in section 3.2, the interior of this crater is filled with deposits of the DAF (member Hds), except for a triangularly shaped region within the crater that is topographically lower than the rest of the interior (Figure 12b ). The location of this triangular basin within the DAF and its close proximity to the Cavi Sisyphi basins suggests it may have formed via processes similar to those that formed the Sisyphi basins.
[45] Valley 3 begins just to the left of the crater containing this triangular basin, similar to the relationships observed at Valleys 2 and 4. However, the relationship between Valley 3 and the triangular basin is less obvious, as Valley 3 clearly begins just outside the crater containing the basin and there is no apparent breach in the crater rim. Even with this complexity, the association of Valley 3 with a nearby basin carved into the DAF, taken in conjunction with the similar associations observed at the head regions of Valleys 2 and 4, argues for a common origin for all three of these valleys. We favor an origin due to drainage of water beneath the DAF, which upon reaching the margins of the deposit proceeded to carve a valley in the surrounding cratered terrain.
Valley 1
[46] Valley 1 is unique among the valleys mapped in that it does not head at member Hds of the DAF. Rather, Valley 1 begins at the margin of Argentea Planum, a topographically low-lying area located on the eastern flank of the 70°W lobe (Figure 11c ). Unlike member Hds, the members of the DAF composing Argentea Planum (Hda and Hdd; Figure 12c ) are much thinner units and in places appear to be little more than a reexposed basement.
[47] The breach in the rim of Argentea Planum where Valley 1 begins is 50 km long, although the valley itself measures only about 12 km wide. Valley 1 extends 28 km into the interior of the Argentea Planum from its rim and then disappears amid the interior deposits. It is difficult to discern the exact stratigraphic relationship between the DAF and Valley 1. It does not appear that Valley 1 extends beyond the DAF margin (Figure 12c ), but Viking, MOC, and MOLA data are not of sufficient resolution to address whether the DAF is superposed on the valley. Therefore the stratigraphic relationship between Valley 1 and the DAF supports either contemporaneous formation or a scenario whereby the valley predates the DAF.
Discussion and Interpretation
[48] Our detailed examination of the Dorsa Argentea Formation and surrounding area has identified five drainage valleys, which generally correspond to those identified by Head and Pratt [2001] . The valleys are continuous and, with the exception of Valley 5, are observed to originate at the margins of the Dorsa Argentea Formation and to terminate in the Argyre basin. Observation of the head regions of the valleys revealed pits and basins closely associated with three of the valleys carved into the DAF. We interpret these pits and basins as the expression of the valleys within the DAF and suggest that they formed via basal drainage of water beneath the DAF toward the margin of the deposit. What was the source of the water? Head and Pratt [2001] interpreted the valleys as evidence for drainage of large volumes of meltwater away from a melting and retreating ice sheet, suggesting that the DAF represents the volatile-rich lag deposit of the ice sheet. The origin of these valleys is of significant importance in terms of understanding the hydrological history of the south polar region. Drainage channels and valleys related to a host of different processes are observed on Earth and Mars and can serve as a basis for interpreting the valleys under discussion here.
[49] One of the most distinctive characteristics of the south polar valleys is that they are generally single valleys that do not show evidence for tributaries and dendritic patterns forming extensive fluvial networks and drainage basins such as those commonly seen on Earth and, in the case of the Noachian-aged valley networks, on Mars [e.g., Carr, 1996] . These valleys in general appear more similar to the Martian outflow channels where vast quantities of water have emerged from the subsurface at point sources (e.g., chaotic collapse areas or fractures). These valleys differ from the outflow channels, however, in that they are generally narrower and they appear to emerge from the edge of the DAF rather than from specific subsurface chaotic collapse areas or structural features. Thus these valleys appear to be formed by neither pluvial activity and integrated drainage nor catastrophic release of groundwater from the subsurface at point sources and subsequent overland drainage. Rather, the valleys appear to originate at or very near the edge of the DAF and thus are candidates for features that might be related to the nature of this deposit.
[50] Drainage channels are observed on Earth that lead away from the margins of the ice caps in Iceland, such as the rivers Skafta, Skeidara, and Sula, which lead away from the Vatnajokull ice cap [Bjornsson, 1974 [Bjornsson, , 1977 [Bjornsson, , 1992 , and the rivers Mulakvisl and South Emstrua, which lead away from the Myrdalsjokull ice cap [Bjornsson, 1992] . These rivers, as well as several others, continuously drain water generated from melting of ice associated with the geothermal areas underneath the caps. Additionally, the channels serve as the primary conduits that drain the periodic, catastrophic floods known as jokulhlaups that emerge from beneath the ice [Bjornsson, 1974 [Bjornsson, , 1975 [Bjornsson, , 1977 [Bjornsson, , 1992 Gudmundsson et al., 1995; Jonsson, 1982; Nye, 1976; Thorarinsson, 1957; Tomasson, 1974 Tomasson, , 1996 . Jokulhlaups result from sudden drainage of englacial, subglacial, or marginal ice-dammed lakes, which can occur from seismic or volcanic disturbances to the ice walls enclosing the lake or increases in lake level sufficient to float the ice walls [Bjornsson, 1975] . The sudden discharge of large volumes of meltwater has awesome erosive potential, capable of carving or expanding drainage channels as well as thermally eroding ice along the drainage path [Gudmundsson et al., 1995] .
[51] Similar processes could likely be responsible for the formation of the drainage valleys leading away from the DAF. Evidence exists for subglacial volcanic activity within the 0°W lobe [Ghatan and Head, 2002] as well as within the Cavi Angusti region of the 70°W lobe . Continual production and drainage of meltwater associated with this subglacial volcanism could have carved the external drainage valleys. Further erosion of the valleys could have resulted from jokulhlaup-like periodic catastrophic drainage of meltwater associated with englacial lakes around the subglacial volcanoes in the 0°W lobe (Sisyphi Montes) [Ghatan and Head, 2002] or from overtopping and downcutting or collapse of ice dams surrounding marginal lakes such as in Argentea Planum along the 70°W lobe [Head and Pratt, 2001; Dickson and Head, 2003] . The lack of kettle-like holes and other outwash plain features marginal to the DAF near the valleys suggests that if such jokulhlaup-style floods did contribute to the formation of the valleys, they likely did not breach the confines of the valleys. Instead, periodic drainage of stored meltwater from beneath the DAF would have led to temporary increases in the discharge through the valleys, followed by a return to prejokulhlaup discharge. Similar fluctuations in discharges are observed in the Icelandic rivers that drain meltwater from beneath the Vatnajokull and Myrdalsjokll ice caps.
[52] A recent analysis of the events associated with the 1996 Gjalp eruption in Iceland [Gudmundsson et al., 2004] shows that subglacial drainage of meltwater generated during the eruption resulted in depressions along the surface of the ice cap above the meltwater drainage path. The pits and basins near the head regions of the Martian south polar valleys are envisioned to have formed in an analogous manner, with surface depressions along the drainage course eventually resulting in partial collapse.
[53] Additional evidence supports the above scenario for the origin of the pits and basins and valleys. As described in section 4.2, several of the Cavi Sisyphi basins located near the head region of Valley 2 contain sinuous ridges along their floors that parallel the trend of the basins and disappear underneath the DAF.
[54] Several occurrences of sinuous ridges exist in the south polar region within the DAF. Head and Pratt [2001] used MOLA data to investigate these ridges and to test several modes of origin that had been previously proposed, including ''wrinkle ridges [Tanaka and Scott, 1987] , exhumed dikes of igneous [Carr and Evans, 1980] or clastic [Ruff and Greeley, 1990] origin, linear sand dunes [Parker et al., 1986] , fluvial and/or lacustrine spits or bars [Parker et al., 1986] , instantaneously frozen waves in a large-scale mudflow [Jö ns, 1992] , inverted stream topography [Howard, 1981] , and eskers [Howard, 1981; Kargel and Strom, 1992; Metzger, 1991] .' ' Head and Pratt [2001] concluded that the south polar ridges are most consistent with eskers [Flint, 1928] on the basis of the similar morphologies, sizes, topographic profiles, distribution patterns, and cross-cutting and superposition relationships of the ridges as compared to terrestrial eskers [Price, 1973; Benn and Evans, 1998; Warren and Ashley, 1994; Hallet, 2001a, 2001b] , as well as the geographic proximity of the ridges to the pole (a likely site of ice sheet formation) and their geologic proximity to the DAF (an apparently volatile-rich deposit).
[55] The Sisyphi ridges, while relatively close to the main assemblage of DAF ridges, are isolated singular ridges. Two of the Sisyphi ridges were identified by Tanaka and Kolb [2001] , who considered none of the sinuous ridges near the south pole to be candidates for the Martian equivalent of terrestrial eskers. Alternative origins were suggested for some of the ridges, such as inverted stream topography, but none was offered for the Cavi Sisyphi ridges. We consider a common origin for the Sisyphi ridges and the other assemblages of sinuous ridges within the DAF to be the most likely scenario and use this as a starting point. Therefore, to address the origin of the Sisyphi ridges, we compare them with the other sinuous ridges located within the DAF. In particular, how do the Sisyphi sinuous ridges compare to the other ridges within the DAF that have been interpreted as eskers [Head and Pratt, 2001] ? Their dimensions fall at the lower end of the esker-like ridges, which typically have widths from 2 to 4 km and heights from 50 to 100 m. They are similarly sinuous to the esker-like ridges and display similar topographic profiles, including inverted v profiles, simple symmetric and asymmetric, all similar to terrestrial esker profiles. In places the ridges on the basin floors extend up local topographic gradients. As discussed by Zuber et al. [2000] , the regional topographic gradient of the Martian crust, and in particular the southern uplands, is likely to have been stable for much of Martian geologic history. Thus, assuming the general regional topography of the south polar region was the same as it is today during the Hesperian, the observation that the Sisyphi ridges extend up local topographic gradients is consistent with an esker scenario [Shreve, 1972 [Shreve, , 1985 Hallet, 2001a, 2001b] . Additionally, the ridges in the basins are located beneath a unit thought to represent the deposits from an ice sheet, also consistent with an esker origin. Lastly, the presence of other sinuous ridges within the DAF for which the observations strongly support an esker origin Hallet, 2001a, 2001b; Head and Pratt, 2001 ] further suggests that the Sisyphi basin ridges may be eskers. Together, all these factors support the interpretation of the ridges within the Cavi Sisyphi basins as eskers. If this interpretation is correct, the location of the ridges within the basins further supports an origin for the basins due to surface collapse via basal drainage of meltwater.
[56] Our investigation of the head regions of Valleys 1 through 4 finds that the valleys do not extend continuously into the DAF, ruling out a scenario whereby the valleys postdate emplacement of the DAF. However, pits and basins within the margins of the DAF near the head regions of Valleys 2 through 4 appear to be the expression of the valleys within the DAF. If this is indeed the case, then a scenario involving contemporaneous formation of the valleys and the DAF is favored. During melting and thinning of a previously widespread circumpolar ice sheet, possibly related to subglacial volcanism [Ghatan and Head, 2002] , large volumes of meltwater would have been generated. Meltwater draining away from the area of the 0°W lobe could have traveled along the base of the thinning ice sheet toward the ice sheet edges. Above the area of basal drainage, partial surface collapse of the ice sheet deposits could have occurred, creating pits and basins. Once meltwater reached the ice sheet edge, it would have been forced to carve out a series of surface drainage valleys within the surrounding rock units (Noachian cratered terrain), ultimately draining into the Argyre basin.
Summary and Conclusions
[57] Detailed examination of the Noachian cratered terrain marginal to the Hesperian-aged Dorsa Argentea Formation supports the presence of five drainage valleys. At least four of the valleys emerge from the margins of the DAF, and all five terminate along the floor of the Argyre basin. Investigation of the head regions of the valleys supports an age relationship between the valleys and the DAF whereby the two formed contemporaneously, although a scenario whereby the DAF is simply superposed upon the valleys cannot be ruled out with the available data. Pits and basins within the margins of the DAF near the head regions of three of these valleys appear to be the expression of the valleys within the DAF. These pits and basins are interpreted to represent partial surface collapse of the deposits of a thinning and retreating ice sheet due to basal drainage of meltwater beneath the deposits. The presence of sinuous ridges along the floors of some of the basins, interpreted as eskers, supports this scenario [Gudmundsson et al., 2004] . Once meltwater reached the edge of the ice sheet, it would have drained out onto the surface of the surrounding Noachian cratered terrain. Continual transport of meltwater to the edge of the ice sheet and beyond would have carved the external drainage valleys. Periodic catastrophic drainage of meltwater from storage areas within the ice sheet or along the margins of the ice sheet could have played a role in further eroding the valley beds.
